IN RECENT years, a number of review articles devoted entirely or partly to electrical changes and arrhythmias during ischemia and infarction have appeared (Wit and Bigger, 1975; Coraboeuf et al., 1976; Arnsdorf, 1977; Bigger et al., 1977; Wit and Cranefield, 1978; Lazzara et al., 1978; Carmeliet, 1978; Cranefield and Wit, 1979) . Most of what is known about cellular electrophysiological changes is derived from experiments on isolated tissue, either excised at different times after coronary artery occlusion, or taken from normal hearts and superfused with solutions altered in such a way as to imitate conditions occurring in ischemic hearts. (Friedman et al., 1973; Lazzara et al., 1974; Cranefield, 1975) . The acquisition of electrophysiological data from intact hearts with the same degree of accuracy as in isolated tissue is limited by the techniques available at present. Therefore the description of the mechanisms for arrhythmias and conduction disturbances observed in intact hearts is based mainly on indirect evidence. Most experimental work on ischemia has been conducted in late stages (hours or days) after occlusion. The changes occurring in the very first minutes after coronary occlusion follow a very rapid time course, and a stable electrical situation is not present. Thus anlaysis of the electrophysiological changes in the very early phase of ischemia is hampered by both the technical difficulties of obtaining reliable recordings from intact hearts and by the rapidly changing electrical conditions.
The purpose of this article is to review the experimental work concerning the electrical changes and arrhythmias during the first minutes following coronary artery occlusion and to outline the electrophysiological features that characterize this phase.
Changes in Resting Membrane Potential
during Acute Ischemia After coronary artery ligation, the cells in the ischemic region depolarize (Kardesh et al., 1958; Samson and Scher, 1960; Prinzmetal et al., 1961; Czarnecka et al., 1973; Downar et al, 1977; Kleber et al., 1978; Russell et al., 1977) . In the isolated porcine heart values of resting membrane potentials of -65 to -60 mV are measured within 7-10 minutes after coronary occlusion (Kleber et aL, 1978) . These electrical changes occur in parallel with the accumulation of K + in the extracellular space. It has long been known that myocardial cells release potassium during acute ischemia (Harris et al., 1954) . Recently extracellular K + -activity has been measured directly in intact hearts. The first increase in K + -activity was detectable as early as 15 seconds after coronary occlusion in the central ischemic zone. After 5-8 minutes, activities of 8 miw were measured at these sites, corresponding to an extracellular K + -concentration of 14 mM (Hill and Gettes, 1980; Hirche et al., 1980) . The extracellular K + concentration remains stable between 15 and 30 minutes and rises slowly afterward. These electrical and ionic changes suggest that the resting membrane potential is close to the K + equilibrium potential during acute ischemia. Determinations of resting membrane potentials, together with measurements of the intra-and extracellular potassium activity, have not yet been made, however.
There might be several reasons for the extracellular potassium accumulation. An increased net outward movement of potassium will occur when there is and imbalance between passive K + -efflux and active inward transport. The degree and time course of an eventual inactivation of the Na + /K + -pump are unknown. According to the calculations of Johnson (1976) , complete inhibition of the Na~V 1070 CIRCULATION RESEARCH VOL. 49, No. 5, NOVEMBER 1981 K + pump would lead to a more rapid extracellular K + accumulation than the one evident from experimental data. Observations on hypoxic tissue indicate that, whereas there was marked increase in K + -efflux, the Na + /K + -pump apparently was unaffected (Rau et aL, 1977 ). An increase in K + efflux has also been measured during hypoxia by Vleugels and Carmeliet (1976) in cat and guinea pig papillary muscle preparations. These measurements point to an increased K + conductance during hypoxia. Potassium conductance is increased in normal myocardial cells by an increased extracellular K + concentration (Carmeliet, 1961) and by an increased intracellular Ca 2+ concentration (Bassingthwaighte et al., 1976) . If, during acute ischemia, Na + and K + ions redistribute, the intracellular Na + -concentration rises and, consequently, fin increase in intracellular Ca 2+ is expected to occur (Reuter and Seitz, 1968) .
Thus, although some factors responsible for K + accumulation following interference with metabolism and the lack of washout can be identified, an explanation in quantitative terms is not possible at the moment. Especially, it is not possible at present to say whether potassium accumulation is a primary event or a consequence of sodium redistribution. It should be mentioned that comparison between anoxic and ischemic tissue must be made with caution. One important difference is that, in ischemia, due to the lack of washout, the loss of intracellular potassium during the acute phase of ischemia is probably small, in contrast to the marked loss from anoxic tissue where washout still occurs (McDonald and MacLeod, 1973) .
Transmembrane Action Potentials during Ischemia Transmembrane action potentials from intact rabbit and canine hearts have been recorded during global ischemia by Kardesh et al. (1958) . They reported a decrease in amplitude and a marked shortening of the action potential duration within a few minutes after occlusion until cells became unresponsive after 15-26 minutes. Similar results have been obtained from ischemic cells during acute regional ischemia in porcine and canine hearts by Czarnecka et al. (1973) , Downar et al. (1977) , Russell et al. (1977) , and Kleber et al. (1978) , whereas Samson and Scher (1960) and Prinzmetal et al. (1961) found less pronounced changes in dog hearts. Several factors may account for this qualitative discrepancy, such as marginal blood supply from collateral circulation in dog hearts and inaccuracies in the exact identification of the central ischemic zone.
Up to the present, it is not possible to give a definite answer to the question whether the markedly depressed transmembrane action potentials are initiated by the rapid sodium inward current or whether they correspond to so-called slow, calciumdependent responses (see Cranefield, 1975) . Extended studies on the relationship between the resting membrane potential and the maximal upstroke velocity (dV/dt max) of the transmembrane action potential have not yet been performed. Such an investigation could have provided a clue regarding the nature of the depressed action potential upstroke. Due to the inactivation of the rapid sodium inward current upon depolarization, dV/vt max drops markedly between -70 and -60 mV to levels close to zero; after further depolarization to -40 mV, upstroke velocity increases again, and declines between -40 and -10 mV. This second curve is the inactivation curve for the slow inward current (Verdonck, 1976) .
Since maximal upstroke velocity is also influenced by the local current circuits during propagation, its assessment would not furnish quantitative information on the amount of transmembrane current flow. Maximal upstroke velocity would also depend on the passive electrical properties of the cells, which might change during ischemia. In a few experiments in which resting membrane potentials have been measured, the depressed action potentials always arose from levels more negative than -60 to -65 mV (Kleber et al., 1978) , at which level the availability of the rapid sodium current has become very small (Weidmann, 1955; Beeler and Reuter, 1970) . Upon further depolarization of the membrane, the cells remained unresponsive during activation of the nonischemic myocardium. Determinations of resting membrane potential levels are less accurate in intact beating hearts than in isolated superfused preparations. The most reliable values are obtained when, after stable intracellular recordings have been made, the microelectrode is quickly withdrawn into the extracellular space (Kleber et al, 1978) . Reliable values for resting membrane potentials are not available for hearts in situ subjected to regional ischemia, although the time course and character of the changes in transmembrane potential are similar for hearts in situ and isolated perfused hearts (see Figs. 1, 2, and 4, and Downar et al., 1977) .
It cannot be excluded that release of norepinephrine during ischemia in the heart in situ (Hirche et al., 1980) might prevent ischemic cells from becoming inexcitable at membrane potential levels lower than -60 mV, since it is known that catecholamines increase the calcium permeability of the cell membrane (Reuter, 1967) , and in their presence, regenerative slow action potentials can be initiated by the slow inward current in vitro, even in the presence of elevated extracellular K + concentration (Cranefield, 1975) . Although in isolated hearts, cells depolarized to levels around -60 mV might still have been excitable by local stimulation, the results obtained thus far suggest that, in acute ischemia at least, the initiating part of the upstroke of the action potential is caused by the rapid sodium inward current. If so, its inactivation by the mere depolarization of the resting membrane (Weidmann, 1955) creased potassium leak could produce an instantaneous outward current during activity. We favor the last hypothesis, because, as already mentioned, a large K + conductance could partially explain the changes in resting membrane potential, and it would also decrease the space constant of the ischemic tissue and thus contribute to the slow propagation of the impulse (see Cranefield, 1975; pages 117 and 118) . In hypoxia, an increased time-independent potassium current was measured, showing less inward rectification than in normal tissue (Vleugels et al. 1980) .
A way to examine the role of the rapid and slow channel components in the generation of action potentials is to investigate the effects of selective blocking agents. Lidocaine has been shown to affect depressed fast responses in isolated Purkinje fibers, whereas it had little effect on slow calcium-dependent responses elicited in the presence of elevated extracellular K + and norepinephrine (Brennan et al., 1978) . This action has been attributed to a shift in the steady state inactivation curve and to a prolongation of recovery of the rapid sodium inward current (Chen et al., 1975) . Chen et al. demonstrated that this effect was due to a shift in the membrane potential per se and not a direct consequence of an increase extracellular K + . The results of Brennan et al. suggest that an additional effect of lidocaine on the potassium outward current (Arnsdorf and Bigger, 1972) , which could affect slow, calcium-dependent action potentials, is negligible if extracellular potassium is elevated and, consequently, potassium conductance is high prior to the administration of the drug. In the case of acute isolated human heart would not be sufficient to explain the marked depression of the upstroke velocity and the decrease in amplitude of the action potential in ischemia. If pig hearts are regionally perfused with solutions containing high K + , epicardial action potentials are of larger amplitudes and show faster upstrokes than action potentials at the aame sites during coronary artery occlusion (Morena et al., 1980) . The potassium levels (10-13.7 mM) were in the same range as those measured by Hill and Gettes (1980) and Hirche et al. (1980) in the first minutes after coronary artery occlusion in porcine hearts. Also, epicardial activation is more delayed in ischemia at a certain extracellular potassium level than in hearts exposed to the same extracellular K + by regional perfusion (Hill and Gettes, 1980) . Several mechanisms which might explain the difference can be postulated: First, the driving force for the rapid sodium inward current might decrease if intracellular Na + increases. Second, ischemia might influence the kinetics and the steady state variables for activation, inactivation or recovery from inactivation of the rapid sodium current. Third, an in- VOL. 49, No. 5, NOVEMBER 1981 regional ischemia in isolated perfused hearts, lidocaine depressed or abolished the slow transmembrane action potentials in the center of the ischemic zone, making it very likely that these potentials are initiated by the rapid sodium inward current . Unfortunately, no information is available on the effect of slow channel-blocking agents on the shape and duration of the transmembrane action potential during ischemia in the intact heart. The fact that verapamil improves conduction in the ischemic zone might indicate that calcium-dependent slow responses do not occur in the acute phase of ischemia, but this finding can also be explained by possible indirect effects of verapamil, such as a reduction in the degree of ischemia.
After coronary occlusion, the upstroke of the action potentials sometimes shows two components (Downar et al., 1977; Russell et al., 1977; Kleber et al., 1978) . This phenomenon could alternatively be explained by electrotonic interaction of neighboring cells or by the slow inward current being responsible for the second phase of the upstroke (Niedergerke and Orkand, 1966) . Mascher (1970) found very similar action potentials in canine ventricular myocardium exposed to critically elevated K + . He demonstrated that the first component was due to the depressed fast sodium inward current, which brought the membrane potential into the range of activation of the slow inward current; this latter was responsible for the second phase of the upstroke and determined the duration of the plateau. From these recordings it is tempting to speculate whether the electrical alternation, often seen in the acute phase of ischemia (Hellerstein and Liebow, 1950; Downar et al., 1977; Kleinfeld and Rozanski, 1977; Kleber et al., 1978) reflects an activation of the slow inward current only during every second beat.
The duration of the action potential may show a biphasic change after coronary occlusion. Initially, within the first 2 minutes, a slight lengthening has been reported by Downar et al. (1977) . It cannot be said with certainty whether this change is due to ischemia or to a reduction in the temperature of the subepicardial layers in the perfused isolated hearts kept in open air. In open-chested dogs, Daniel et al. (1978) found that a 75% reduction in coronary flow reduced epicardial temperature by about 2°C. In cat papillary muscle, a change in temperature from 37°C to 35°C resulted in an increase of action potential duration of about 40 msec at a rate of 60/ min . The subsequent decrease in action potential duration, which has been observed by all investigators who measured transmembrane potentials from ischemic hearts, is due mainly to a shortening of the plateau phase. In contrast to hypoxia, this change is more gradual, occurring in parallel with the decrease in resting membrane potential, action potential amplitude, and upstroke velocity. Action potentials with still large amplitudes but of short duration, as seen in hypoxia McDonald and MacLeod, 1973) , have not been recorded from ischemic hearts. The possible causes of action potential shortening during hypoxia and metabolic inhibition have been discussed extensively by Carmeliet (1978, pp. 582, 583) . A decrease in the slow inward current, mainly carried by calcium ions, and an increase in the time-independent potassium current have been proposed as the most important changes. The latter mechanism has recently been confirmed in hypoxia by Vleugels et al. (1980) .
Recovery of Excitability
Many studies have been performed in which refractory periods were measured by means of extracellular stimulating electrodes, in which extracellular electrograms recorded at varying distances from the stimulating electrodes were used to measure local responses (Brooks et aL, I960; Reynolds et al., 1960; Han and Moe, 1964; Tsuchida, 1965; Kupersmith et al, 1975; Russell and Oliver, 1978) . Most of the studies conducted with this technique found a shortening of refractory periods within the ischemic zone, and several studies emphasized the importance of increased dispersion of refractory period duration (Han and Moe, 1964; Levites et al., 1976; Naimi et al., 1977) .
In normal cardiac tissue, the time course of recovery of excitability generally follows the time course of repolarization. In the sinoatrial and atrioventricular nodes, where membrane potential is low, recovery of excitability lags behind completion of repolarization (Hoffman and Cranefield, 1960) . Under certain conditions, e.g., at high extracellular K + concentration and during acidosis, Schiitz (1933, pp. 554-559) found in ventricular myocardium that the refractory period was considerably longer than the duration of the monophasic action potential and that the stimuli delivered well after completion of repolarization resulted in graded responses, depending on timing and strength of the stimuli. In the setting of ischemia, Lazzara et al. (1975) and ElSherif et al. (1974) used the term "post-repolarization refractoriness" to indicate that at certain stages of ischemia the membrane may remain inexcitable even when it has been completely repolarized. In the first 2 minutes after occlusion, an increase in the duration of the refractory period has been found (Reynolds et al., 1940; Han et al, 1970; Downar et al., 1977) which probably ia due to a slight increase in action potential duration.
After 2 minutes of occlusion, action potential duration shortens and refractory periods shorten as well, until, after about 5-10 minutes, postrepolarization refractoriness develops (Downar et al., 1977) . In isolated normal muscle preparations, Gettes and Reuter (1974) demonstrated that at critically reduced membrane potentials the recovery from inactivation of both the fast and the slow inward currents is markedly delayed. This marked dependence of recovery of excitability on the resting membrane potential in partially depolarized ischemic myocardium is probably the most important determinant for the occurrence of slow conduction and conduction block in the acute phase of ischemia. The rapid decrease in resting membrane potential after coronary occlusion not only leads to a change in local refractoriness, but at resting membrane potentials close to the threshold for excitation, differences of a few millivolts between adjacent cell groups may lead to a marked spatial disparity of refractoriness. Since the recovery of excitability becomes markedly time dependent, the time interval between two local depolarizations influences the rate of rise and the amplitude of the local action potentials. Ischemic cells which at short cycle lengths, may exhibit only small amplitude responses of short duration, may show large amplitude action potentials at longer cycle lengths (Downar et al., 1977) . Thus the basic heart rate and the coupling interval of premature beats have a crucial influence on local excitability in cell groups exhibiting a critical range of resting membrane potential. The rapid change of local refractoriness during the early phase of ischemia, its dependence on heart rate, and its local heterogeneity might give rise to methodical problems in determining refractory periods in intact hearts by local stimulation. Even when the local extracellular stimulation electrode is close to the electrode that records intracellular activity or the intrinsic component of the extracellular electrogram, the time between the stimulus and the local excitation might be influenced by local propagation. Thus Downar et al. (1977) recorded intracellular action potentials at a distance of 0.5 mm from a small extracellular cathodal stimulation electrode. At the shortest coupling interval of the test stimulus they found latencies between the stimulus artefact and the local depressed responses of over 100 msec. The "refractory period" expressed as the shortest coupling interval at which a test stimulus elicits a response is thus not representative for the local refractory period of all cells in the immediate vicinity of the stimulating electrode in acutely ischemic tissue.
Cellular Coupling during Ischemia
During the development of myocardial infarction, normal and ischemic cells become demarcated from each other. After 24 minutes of ischemia in the isolated rat heart, the majority of gap junctions become dissociated (McCallister et al., 1979) . The question which should be discussed is whether an increase in coupling resistance between ischemic cells takes place already in the first minutes after coronary occlusion, and to what extent such an increase might influence conduction. The methods that allow measurement of internal longitudinal resistivity Ri are confined to cable-like structures of isolated tissues. Wojtczak (1979) had determined Ri in ventricular trabeculae superfused with hypoxic, glucose free Tyrode's solution. After 30 minutes of superfusion, a 2-fold increase in Rj was measured, concomitantly with a rise in resting tension. No information is available from his data about earlier changes. These findings were taken as an indication that the intracellular Ca 2+ concentration was the major parameter governing the change in Ri, but the possibility was not ruled out that a decreased intracellular pH could add to the increase in longitudinal reistivity. Recent experiments in isolated sheep Purkinje fibers (Weingart and Reber, 1979) showed an increase in internal longitudinal resistance when intracellular pH was lowered. Since a decrease in intracellular pH led to a decrease in internal calcium concentration (Hess and Weingart, 1980) , these findings suggest that both pH and calcium modify the resistance between cardiac cells independently. When a change in intracellular Ca 2+ concentration occurs as a consequence of the rise in intracellular Na + concentration, some delay between the inhibition of the Na + /K + pump and the increase in Ri is to be expected. Such a delay is observed after the administration of 2,4-dinitrophenol in Purkinje fibers (de Mello, 1979) and after the administration of ouabain in ventricular trabeculae (Weingart, 1977) .
When considering the influence of an eventual increase in R, on the condition of the impulse, one must bear in mind that, in a cable-like structure, the conduction velocity is indirectly proportional to the square root of R,. Therefore only a marked increase in R, will result in a decreased conduction velocity (Weingart, 1977) . It is likely that in the first 10 minutes after coronary occlusion, conduction is determined mostly by the changes in amplitude and rate of rise of the action potentials, and less by an increase in coupling resistance, even though an increase in R, will affect conduction more when action potential upstroke velocity and amplitude are reduced. In later phases of ischemia, the increase in R, will play a larger role.
Conduction in Acutely Ischemic Myocardium
The relationship between conduction disturbances within the ischemic myocardium and the occurrence of ventricular arrhythmias has been the subject of many studies. In the first 2 minutes after coronary occlusion an increase in conduction velocity has been noted (Gambetta and Childers, 1969; Holland and Brooks, 1976) as well as a decrease in diastolic threshold for stimulation, which was attributed to a mild increase in extracellular potassium (Elharrar et al., 1976) . A slight decrease in resting membrane potential could, by bringing the membrane potential closer to the threshold potential, lead to an increase in conduction velocity, even if dV/dt max were reduced (Dominguez and Fozzard, 1970 ). After about 2 minutes, conduction velocity decreases and activation in the ischemic myocardium is delayed, as has been noted by many authors (Conrad et al., 1959; Durrer et aL, 1961; Boineau and Cox, 1973; Waldo and Kaiser, 1973; VOL. 49, No. 5, NOVEMBER 1981 Scherlag et al., 1974 Williams et al., 1974; , Rosenfeld et al., 1978 . Delays up to 215 msec and even 320 msec after the onset of ventricular activation have been found, epicardial activation occurring well beyond the end of the QT interval of peripheral ECG leads. The increase in conduction delays coincides with the occurrence of ventricular tachycardias and ventricular fibrillation Scherlag et al., 1974) . After about 30 minutes, an increase in the amplitude of epicardial potentials was observed, and conduction normalized concomitantly with the disappearance of ectopic ventricular activity . This improvement probably is due to the reappearance of the transmembrane action potentials in previously unresponsive cells (Kleber et al., 1978; Janse et al., 1979; Fig 2) and is as yet unexplained (Lazzara et aL, 1978) .
Estimations of conduction velocity within the region of marked conduction delay are scarce. This is due partly to the fact that conduction velocity cannot be estimated by dividing the the distance between two recording sites by the conduction time. A detailed knowledge of the activation pattern is needed, and conduction velocity can be estimated only for regions where isochrones are parallel and conduction proceeds regularly. From our recent epicardial and intramural mapping studies , values of 20 cm/sec may be calculated for the slowest conduction observed during a ventricular tachycardia. Since detailed three-dimensional conduction pathways have not been mapped, this value should be taken with caution, ha isolated Purkinje fibers, Cranefield et al. (1972) measured conduction velocities of 5 cm/sec within a segment exposed to 15-18 mM K + , which is considerably lower than our estimated values.
If the change in the upstroke velocity and the amplitude of the transmembrane action potential were the major determinants of the change in conduction velocity during the development of acute ischemia, one would expect a marked dependence of conduction velocity on heart rate. Such relationship is suggested by the experiments of Hope et al. (1974) who found a marked increase in epicardial conduction delay during early ischemia when the frequency of stimulation was increased. The timedependent recovery of local excitability is one of the possible causes of local conduction block. During ventricular tachycardia, circus movements occur around a central area of block, which changes its position from beat to beat (e.g., Fig. 8 from Janse et al., 1980) . If this block is due to local timedependent inexcitability, the cells at the site of blocked propagation are allowed to recover during a longer time than the neighboring cells which conduct the impulse. They might therefore show an action potential of rather large amplitude during the subsequent beat (Downar et aL, 1977) , rendering conduction possible again. Phenomena such as summation and inhibition might play an important role in the establishment of conduction block or for the maintenance of conduction when the margin of safety is low. They have been demonstrated in Purkinje fibers, where branching occurred within a depressed segment, exposed to high K + (Cranefield and Hoffman, 1971) . Slowly propagating impulses arriving at the branching point from one side would not provide enough excitatory current to result in a conducted response into the side branch, whereas propagation from both sides would. Inhibition would occur if the arrival of two impulses from both sides were out of phase, and the second impulse (which on its own could have been effective) would encounter refractory tissue due to the first impulse. In the complex three-dimensional syncytium of the intact heart, summation and inhibition will be very difficult to demonstrate. They are, however, likely to occur in acute ischemia, not only as a result of anatomical factors such as convergence and divergence of fibers, but also as a result of differences in the excitability between closely adjacent groups of cells.
Arrhythmias
Since the experiments on dog hearts of Harris (1950) , it is known that ventricular arrhythmias after coronary occlusion occur in two distinct phases. The first, corresponding to the acute phase of ischemia, lasts until 15-30 minutes after coronary occlusion; the second starts 4-8 hours after occlusion and lasts for 24-48 hours. It is not known whether such a distinct bimodal distribution of arrhythmias occurs in other animals, including man (Bigger et al., 1977) . Exact figures of incidence are not often given in the literature. In a study in which complete occlusion was performed in 351 dogs, fibrillation occurred in 28% of the animals in the first 30 minutes (Stephenson et al., 1960) . In isolated porcine hearts, proximal occlusion of the left anterior descending coronary artery resulted in the occurrence of ventricular premature beats in 72%, in ventricular tachycardia (more than five consecutive beats) in 45% and in ventricular fibrillation in 32% of the occlusion, all between 2 and 8 minutes after coronary ligation . As in dog hearts, the initial phase of arrhythmias was followed by a period during which arrhythmias were rare.
Circulating Excitation during Acute Ischemia
The concept of circulating excitation in the heart was formulated early in this century (Mines, 1913) and discussed as a possible mechanism for ventricular fibrillation (Garrey, 1914; Lewis, 1920) . The first experiments were carried out in excised ringshaped tissue. Later, Schmidt and Erlanger (1928) were able to produce reciprocating excitation in syncitial strips of the turtle ventricle in which conduction pathways were not separated anatomically and to relate this phenomenon to the presence of slow conduction velocity and unidirectional block. Allessie et al. (1977) characterized the different types of circulating excitation in isolated rabbit atria, i.e., circus movement around fixed anatomical pathways and circus movement around a zone of purely functional conduction block. The early investigators already had realized that it was difficult to furnish the ultimate proof that reentry was the only possible mechanism for sustained excitation in their experiments. To exclude any interference with automatic foci, excitation had to stop upon cutting the excitatory pathway or upon application of a premature stimulus to the excitable part of the pathway. Even if these criteria are fulfilled, it cannot be excluded that at a certain site of the pathway the impulse is not propagated but spreads electrotonically into a cluster of cells and triggers automatic activity (see Cranefield, 1975, pp. 155-161) .
In circus movement re-entry, the initiating impulse encounters an area of unidirectional clock, and propagates around that area via alternate pathways. If conduction along these pathways is slow enough, so that the tissue in the zone of block can recover its excitability, the impulse can retrogradely invade the zone of unidirectional block and emerge as a re-entrant wavefront at the site of origin (Fig.  3) . The findings of fragmented deflections in bipolar or multipolar extracellular recordings which bridged the diastolic interval between normally conducted and ectopic beats (Durrer et al, 1971; Waldo and Kaiser, 1973; Boineau and Cox, 1973; Scherlag et al., 1974; El-Sherif et al., 1975; El-Sherif et al., 1977) was taken as an indication that circulating excitation might play a role during both the acute and chronic phases of ischemia. Such deflections demonstrate that the ischemic tissue is activated with delay and that excitation is irregular. The exact pathways of excitation can be assessed only by the simultaneous recording at multiple sites within the ischemic region. Mapping of an even larger mass of myocardium, including the nonischemic part, is necessary to prove that centrifugal wavefronts leaving a local circus movement are responsible for premature excitation of the whole heart.
In isolated pig hearts with regional ischemia, the simultaneous recording of multiple unipolar electrograms either from epicardial or intramural sites allowed the mapping of the sequence of activation. By the assessment of the DC potentials during the TQ segment of normally propagated beats, the border between ischemic and normal myocardium was delineated . Circus movements around an area of conduction block having a diameter of 1-2 cm were mapped during ventricular tachycardia occurring between 2 and 10 minutes after ligation (see Fig. 3 ). Localization, revolution time, and size of the circus movements changed from beat to beat. Ischemic sites showing conduction block in one beat were able to conduct the next impulse. Ventricular tachycardia which could terminate spontaneously or degenerate into ventricular fibrillation was characterized by the presence of basically one fairly large circus movement. When the ventricles were fibrillating, conduction patterns within the ischemic zone were different: reentrant circuits were multiple, were seldom completed, and had smaller diameters in the order of 0.5 cm. (see Fig. 3 ). This pattern of activation bore a striking resemblance to the computer model of multiple wavelets presented by Moe (1962) . The configuration of the local unipolar electrogram recorded from the ischemic zone did not allow one to differentiate between tachycardia and fibrillation. In tachycardia, due to continuous changes in dimension, revolution time, and position of the circus movements, the extracellular complexes do not exhibit a regular phasic pattern of intrinsic deflections. The continuous activity recorded with electrode catheters in patients with ventricular tachycardia and described as "local fibrillation" (Josephson et al., 1978) could be due to multiple fragmented reentrant circuit in local fibrillation or to a single circus movement which changes size and position from beat to beat.
Mapping experiments have certain shortcomings. Even in transmembrane potential recordings from ischemic cells it is impossible to distinguish between purely electrotonic potentials and the presence of local regenerative inward current. In extracellular recordings, the distinction between deflections that are merely electronic, reflecting activity elsewhere, and deflections that represent propagated activity, is even more difficult. Therefore, the construction of detailed isochronic maps carries a degree of inaccuracy. Furthermore, since simultaneous recordings can be made only from a limited number of sites, it is impossible to know whether the site of earliest activity recorded is truly the earliest activated site in the heart.
In our experiments, circus movements were never found in multiple intramural and epicardial maps between basic and ectopic beats and during the initial beats of ventricular tachycardia, whereas it was a consistent event during later beats of ventricular tachycardia and during ventricular fibrillation in the same experiments. Furthermore, earliest activity in these maps during ectopic beats and the initial beats of ventricular tachycardia was recorded from the border zone. Thus it seems justified to discuss whether these beats arise elsewhere, or by another mechanism than circus movement, as done in the next paragraphs.
Injury Current
It has been suggested that the current of injury flowing at the boundary between ischemic and normal tissue could contribute to the genesis of ectopic activity (Harris, 1950; Hoffman, 1966 partments of ischemic and nonischemic cells, local current circuits are set up across the ischemic border, provided the cells are well coupled. Magnitude and direction of these currents change throughout the different phases of the cardiac cycle. In diastole, because of differences in resting membrane potential, current flows through the intracellular compartments from ischemic cells to normal cells, giving rise to current sources in the extracellular space of the nonischemic part, and current sinks on the ischemic side of the border. This explains the depression of the T-Q segment in DC extracellular recordings from the ischemic area. When both normal and ischemic cells are activated, the direction of current flow is opposite, since action potential amplitude of ischemic cells is decreased and the intracellular compartment of normal cells is positive with respect to the intracellular space of the ischemic tissue. Current sources are then present in the extracellular space of the ischemic part of the heart (ST elevation), current sinks in the normal part (ST depression). The distribution of current sources and current sinks had been estimated from the DC-extracellular potential distribution on the epicardium of dog and pig hearts (Kleber et al., 1978; Janse et al., 1980) . When no important intramural extracellular potential gradients exist, as in the case of transmural ischemia in the porcine heart and in some dog hearts, current sources represent sites where transmembrane current flows out of cells, current sinks sites where transmembrane current is inward. The largest currents flow during delayed activity of the ischemic tissue, at the moment when normal cells have already repolarized (see Fig. 4 ), and estimated current sources on the normal side of the border are of order of 2 |iA/nun 3 . Current sources calculated in the same way during propagation in normal myocardium in the tissue just ahead of the approaching wave front are of the order of 5 /iA/mm 3 , a finding which points to the large magnitude of current flow during delayed activity of the ischemic region.
The apposition of fully repolarized and not yet repolarized cells will result in current flow, but, as argued by Moe and Mendez (1973) , no abrupt transition in action potential duration can exist between excitable cells that are well coupled, and current flow between cells with long action potentials and cells with short action potentials would tend to shorten the long action potentials and lengthen the short ones. However, when a region of inexcitability is interposed between the normal tissue in the border and the ischemic tissue displaying delayed activity, electrotonic currents generated by the latter could flow across this gap and depolarize the nonischemic cells at a time when they have recovered from previous activation and thus be excitatory. Information on the presence of inexcitable zones in the ischemic border close to the sites of current sources is absent. Since slight differences in resting membrane potential between closely adjacent areas may cause one group of cells to be inexcitable (be it only temporarily, such as for example during 2:1 alternation), whereas other cell groups still maintain activity. In the early phase of ischemia, such areas would be well coupled electrically. The presence of (temporarily) inexcitable regions in the ischemic border serving merely as pathways for electrotonic current flow is a distinct possibility. The dimensions and the electrical properties of such zones would be important since they would determine the fraction of the electrotonic current which is fed into the cells at the nonischemic part of the border.
In experiments on isolated guinea pig myocardial trabeculae, it has been demonstrated that automatic activity may be induced by long-lasting current pulses (Katzung, 1974) Janse et al., Ann Cardiol Angeiol 26: 551-554, 1977) .
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CIRCULATION RESEARCH VOL. 49, No. 5, NOVEMBER 1981 by a remote tissue site which is exposed to a high extracellular potassium concentration . This regenerative activity is depressed when the fibers are superfused with solutions containing elevated potassium (Imanishi and Surawicz, 1976) and is probably due to the same ionic mechanisms as the oscillatory activity in Purkinje fibers described by Hauswirth et al. (1969) . The rate dependence of ventricular arrhythmias during acute ischemia has been taken as an indication that circulating excitation might be the underlying mechanism. It should be mentioned that the chance of injury currents to be excitatory is also enhanced by a faster heart rhythm since, as stated in the previous sections, activation delays and the excitability of the ischemic cells are rate-dependent.
The Role of the Purkinje System Some controversy exists as to whether and to what extent the activity of Purkinje fibers is affected by acute ischemia. The deflections caused by activations of Purkinje fibers in extracellular electrograms during the early phase of ischemia in dog hearts did not show appreciable changes in the experiments of Bagdonas et al. (1961) and , whereas Scherlag et al. (1974) and Lazzara et al. (1974) described a decrease in amplitude and even a disappearance of Purkinje spikes within 15 seconds after coronary occlusion. This discrepancy might be explained by differences in location of the recording sites with respect to the ischemic parts of the ventricles, and also by the possibility that some fibers recorded from might have penetrated into the subendocardial muscle layers and might have been more affected by ischemia than fibers on the endocardial surface. In the pig heart, Purkinje fibers can be found throughout the ventricular wall, close to the subepicardium (Holland and Brooks, 1976) . Our own unpublished results for pig hearts have shown that extracellular potentials from intramural Purkinje fibers within the ischemic region show a marked reduction in amplitude during ischemia. Whether, in dog hearts, Purkinje fibers are deep enough in subendocardial layers to be affected by ischemia is unknown. Bagdonas et al. (1961) stated that ectopic activity during initial stages of ventricular fibrillation induced by clamping the aorta could originate in the bundle branches or the Purkinje system. In our studies, we found that whenever Purkinje activity was recorded it preceded myocardial activity in the initial ectopic beats of tachycardia, whereas myocardial activity started before Purkinje activity in later beats. It should be mentioned that it is impossible to be certain that the earliest activity recorded truly represents earliest activity in the ventricles during a spontaneous ectopic impulse, in view of the limited number of sites from which activity can be recorded simultaneously. Also, it is impossible to state whether Purkinje fibers from which records were obtained simply overlie ischemic myocardium or are close to Purkinje-muscle junctions, and could thus be in electrotonic contact with ischemic myocardium. However, in view of the constant finding that earliest activity during single premature beats and the initial beats of a ventricular tachycardia was recorded from the nonischemic tissue close to the ischemic border , a discussion about possible mechanism by which premature impulses arise from Purkinje fibers at the ischemic border seems justified. A first possibility is the occurrence of micro-reentry in small parts of the Purkinje network. Such a circus movement has been postulated by Schmitt and Erlanger (1928) , and it has been demonstrated by Wit et a l (1972) in small excised Purkinje networks in which a part was exposed to high K + and to epinephrine. A second possibility could be an increased automaticity of Purkinje fibers in the border zone or within the ischemic region. Upon vagal slowing of the sinoatrial pacemaker during acute ischemia ventricular ectopic beats become infrequent and, in contrast to the chronic phase of ischemia, the frequency of idioventricular pacemakers is not accelerated . In isolated Purkinje fibers, spontaneous activity is depressed when the preparations are exposed to an elevated potassium concentration (Vassalle, 1965) , probably as a consequence of the increased potassium conductance. Thus, enhanced phase 4 depolarization in Purkinje fibers close to the border seems unlikely. Automatic activity, emerging from either early or late afterdepolarizations, can be induced by a driven action potential in previously quiescent fibers under various conditions, such as hypoxia (Trautwein et al., 1956) or changes in ionic environment, and after administration of digitalis glycosides (Cranefield and Aronson, 1974) . Bursts of oscillatory activity in Purkinje fibers also have been observed upon recovery from mechanical injury (Deleze, 1970) and after nonspecific damage, such as dissection or stretch . Longitudinal current flow between cells with differing membrane potentials might have contributed to the genesis of this kind of regenerative activity. The hypothesis that injury currents might induce automaticity in Purkinje fibers is purely speculative. It is based on the observation that currents of rather large magnitude are flowing at the nonischemic part of the border. The currents exert a depolarizing effect at these sites at a moment during the cardiac cycle when earliest myocardial activity of premature impulses preceded by Purkinje deflections are recorded from the border zone, within the limited extent of the multiple recording electrodes (Janse etal., 1980) .
To summarize the possible mechanisms of ventricular arrhythmias during acute myocardial ischemia, we would state that circulating excitation probably plays a dominant role during ventricular ELECTRICAL CHANGES AND ARRHYTHMIAS IN ACUTE ISCHEMIA/Jonjn-& Kleber 1079 tachycardia and ventricular fibrillation. The mechanism for ventricular premature beats and of the initiating beats of ventricular tachycardia is less evident. The proposed hypotheses for this ectopic activity are small circus movements within the ischemic border (including the Purkinje system), excitation of cells in the nonischemic part of the border zone by the injury current, and triggering of automatic activity by the injury current in either myocardial or Purkinje tissue.
